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Ϫ/Ϫ regulatory events in mitosis. Inactivation of Cdk1 in late mouse, a higher dependency on serum is observed and mitosis contributes to reset the cell in G1. In addition these cells are less susceptible to oncogenic transforto positive regulation by cyclins, Cdks are regulated by mation, supporting the overwhelming literature that multiple phosphorylation and dephosphorylation events shows a role for G1 Cdks in serum responses and celluand by several subunits named CKIs (for Cdk inhibitors) lar transformation. These serum response and transforthat physically associate with cyclin-Cdk complexes to mation pathways therefore appear to be different than inhibit their activities and promote cell cycle arrest or the embryonic pathways important for organogenesis delay. in many tissues. Among the cyclins, the seminal observation that difThe embryonic deficiency in hematopoesis clearly ferent cyclin D family members are transcriptionally indemonstrates the importance of D-type cyclins or their duced in response to extracellular signals, including associated Cdks in specific tissues. Analysis of adult growth factors (Matsushime et al., 1991), led to the hymutant mice lacking a single D cyclin, Cdk4 or Cdk6, pothesis that D-type cyclins represent crucial intermedihas demonstrated that most of these proteins support aries for transmitting signals from the extracellular envitissue-specific functions (Table 1) , although not causing ronment, through cell signaling pathways, to activate strict lethality. Indeed, some phenotypes observed in the cell cycle machinery. Cdk4 and Cdk6 catalyze the the single knockouts are probably masked in the triple phosphorylation of the retinoblastoma (Rb) tumor supknockout because of its earlier lethality. A similar conpressor gene product to disrupt its association with clusion for tissue-specific functions can be drawn by members of the E2F family of transcription factors, examining the phenotypes of mice lacking genes encoding thereby promoting transcription of E2F target genes.
other cyclins and Cdks (see comprehensive list in Supplemental At a molecular level, the proliferation defects in the and the mechanism by which the embryo compensates to reduce p21 and p27 levels will require further testing. cyclin D triple knockout MEFs correspond to a delay in the induction of E2F target genes and a decrease, but Reordering Models and Expectations? Despite earlier evidence for cell type-specific expresnot elimination, of Rb phosphorylation on previously described cyclin D-dependent sites (Ser248, Thr252, sions and functions, because of their roles in coupling growth factor signaling to cell cycle, loss of D-type Thr826, Ser807, and Ser811). The existing model held that these sites would prime phosphorylation by cyclin cyclins might have been expected to show dramatic proliferation defects in the mouse embryo, similar to E-or cyclin A-Cdk2 complexes. However, the levels of phosphorylation on the cyclin E-, cyclin A-specific those seen in cyclin A2 or cyclin B1 knockouts. There were even higher expectations for E cyclins and Cdk2, residue Thr821 were almost identical to wild-type MEFs, arguing against the notion that the phosphorylation on which are thought to be expressed in most if not all cells. Nonetheless, mouse knockouts for either cyclin these sites is strictly dependent on cyclin D-Cdk complexes. Indeed, in the cyclin D1 Ϫ/Ϫ D2 Ϫ/Ϫ D3 Ϫ/Ϫ MEFs, the E1 or E2 (see Supplemental Table S1 ) were also viable. Thus, following the history of the logic, when it became kinetics of timing and rapid activation of cyclin E-and cyclin A-associated kinases was not strongly affected, evident that embryos can develop normally and adult mice exist without one, and in some cases two, of the further suggesting that D-type cyclins are not a necessary prerequisite for activation of the other G1 and S cyclin D or cyclin E genes, it was postulated that loss of all three D-type cyclins (or lacking Cdk4 and Cdk6) phase cyclins. There was also a reduction in the levels of phosphorylation of the Rb-related p107. by expressing Cdk dominant-negative mutants and Cdk inactivation of both would at least not sustain cell diviinhibitors, or using antisense oligos, microinjection of sion in embryonic fibroblasts and perhaps in other cell neutralizing antibodies into living cells and, more retypes. In addition, these in vitro results suggest that if cently, by RNA interference. Based on numerous pubmice missing cyclin E-Cdk2 or cyclin D-Cdk4 complexes lished studies, we learned that Cdk inhibition certainly are viable, perhaps both sets of regulators cannot be slows down the cell cycle of cultured mammalian cells. removed. This hypothesis might be confirmed or disHowever, these experiments didn't prove that Cdks are proved by specific crosses, but the pentuple cyclin "essential" genes and certainly did not show that they knockout will require multiple crosses, and linkage beare necessary in all cell types and at all times in vivo. tween Cdk2 and Cdk4 makes the probability of a recomCdk inhibition in asynchronous mammalian cells inbinant too low, so a targeted knockout of Cdk4 in a duces accumulation of cells in G1, but never in 100% Cdk2 
